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A mitochondria-targeted iridium complex
activates anti-tumour immunity by regulating zinc
homeostasis in cancer cells and macrophages

Jun-Jian Lu,† Xi-Song Feng,† Yu Liu, Wan-Di Cao, Zong-Wan Mao * and
Qian Cao *

Intracellular zinc homeostasis and subcellular compartmentalization are exquisitely regulated, playing

critical roles in immune regulation, such as inducing inflammatory programmed cell death, producing

high levels of interferons and inflammatory cytokines, controlling the polarization and function of macro-

phages, etc. Herein, we designed two cyclometalated Ir(III) complexes with moderate zinc ion (Zn2+)

affinity, capable of re-distributing the endogenous Zn2+ from the cytoplasm and vesicles to mitochondria

as indicated by ICP-MS measurement, thus inducing mitochondrial dysfunction and apoptosis. Moreover,

mitochondria-targeted Ir2 also displayed better immunoregulation activity than lysosome-targeted Ir1,

capable of triggering GSDMD-mediated pyroptosis via caspase-1 dependent pathway and down-regulat-

ing PD-L1 levels in cancer cells. In macrophages, Ir2 also re-distributed intracellular zinc effectively,

leading to an increased zinc level in mitochondria and promoting the M0-to-M1 polarization of macro-

phages. The antitumor efficacy and immunoregulation activity were also verified in vivo. This work

suggested that the modulation of endogenous zinc homeostasis both in cancer cells and immune cells

would be a promising strategy for activating anti-tumour immunity, and provided new clues for designing

novel metallodrugs for cancer chemo-immunotherapy.

Introduction

Zinc is the second most abundant transition metal element in
the human body, and its intracellular homeostasis and distri-
bution are exquisitely regulated, playing critical roles in phys-
iological and pathological processes.1 Most zinc ions (Zn2+) are
bound to proteins and enzymes to maintain their structures
and stabilities, resulting in a low concentration of free Zn2+ in
cytoplasm or sequestration in organelles and vesicles.2

Intracellular Zn2+ is also indispensable for many key cellular
processes, such as signal transduction, cellular metabolism,
cytoskeleton assembly, immune regulation, and so on.3 For
example, Zn2+ constitutes metallothionein (MT),4 which is
responsible for not only cellular Zn2+ buffering and storage
but also maintaining cellular redox balance, thus participating
in the maintenance of both zinc homeostasis and redox
homeostasis. Zn2+ overload can lead to mitochondrial dysfunc-
tion, indirectly causing oxidative stress through the leakage of
electrons from aerobic respiration in mitochondria, resulting
in mitochondrial DNA (mtDNA) damage and production of

high levels of interferons and inflammatory cytokines.5

Meanwhile, Zn2+ is a cofactor in zinc finger motifs and pro-
teins involved in DNA repair,6,7 thus greatly affecting the DNA
damage mediated cellular death process. Zn2+ also plays key
roles in immune regulation, such as controlling the polariz-
ation and function of macrophages,8–10 decreasing the integ-
rity of the plasma membrane to trigger the exposure of many
damage-associated molecular patterns (DAMP), and inducing
cancer cell pyroptosis via GSDMD- and GSDME-dependent
pathways, which can eventually activate a powerful antitumour
immunity.11 Macrophages are integral parts of the innate
immune system, classified into the M1 phenotype with
tumouricidal activity and the M2 phenotype with immunosup-
pressive activity.12–14 Recent studies have found that zinc sup-
plementation can promote M0-to-M1 polarization of macro-
phages and strongly inhibit M2 polarization.9 Thus, regulating
intracellular zinc homeostasis and distribution would be a
promising strategy for antitumour therapy and antitumour
immunomodulation.

With the rise of metalloimmunology, not only endogenous
but also exogenous metal ions and metallodrugs have attracted
extensive attention.15–19 Several nanomedicines containing
zinc have been developed, and they can effectively elicit
immune responses via immunogenic cell death (ICD),20,21 acti-
vation of the cyclic GMP-AMP synthase-stimulator of the inter-†These authors contributed equally to this work.
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feron gene signalling pathway,22 inducing pyroptosis,23,24 etc.
However, these functions mainly interfere with zinc homeosta-
sis in cancer cells via massive input of exogenous zinc ions.
For example, the pH-sensitive zeolitic imidazolate framework-8
can release Zn2+ ions in lysosomes, leading to sudden surge of
Zn2+ in cancer cells, eventually inducing pyroptosis, necrosis
and ICD simultaneously for highly efficient activation of anti-
tumour immunity.24 By comparison, metallodrugs can regu-
late zinc homeostasis by interfering with intracellular zinc dis-
tribution rather than input of exogenous zinc ions from cellu-
lar media or serum. Our group has recently reported a cyclo-
metalated PtIV-terthiophene complex, which induces the dysre-
gulation of Zn2+ transporters and buffering proteins (MT),
leading to excess accumulation of Zn2+ in cytoplasm, even-
tually inducing pyroptosis via a caspase-1/gasdermin D
(GSDMD) pathway and effectively activating antitumour immu-
nity.25 This inspires further development of novel metallo-
drugs that can regulate zinc homeostasis for antitumour
immunomodulation. Iridium(III)-based anticancer complexes
have been extensively investigated due to their easily modified
ligands,26 subcellular organelle-targeting ability,27 potent anti-
cancer activity and favorable photophysical characteristics,28

meanwhile, Ir(III) complexes can activate antitumour immune
response by manipulating the cell death pathways,29 immune
checkpoint,30 immunosuppressive microenvironment,31,32 etc.

Inspired by these, we rationally designed two cyclometa-
lated Ir(III) complexes (Ir1/Ir2) with a thiophene sulfur donor
and an imidazole nitrogen donor on their ligands, which could
provide moderate Zn2+ affinity (Scheme 1). After entering cancer
cells, Ir1 and Ir2 accumulate in lysosomes and mitochondria,
respectively, but both could effectively promote the redistribution
of zinc from cytoplasm to mitochondria, and Ir2 had a more pro-
nounced effect. The elevated zinc levels in mitochondria contrib-

uted to mitochondrial dysfunction as indicated by mitochondrial
DNA (mtDNA) damage, mitochondrial membrane potential
(MMP) loss, and phosphorylation of adenosine 5′-monophos-
phate-activated protein kinase (AMPK), eventually inducing
GSDMD mediated pyroptosis and AMPK mediated programmed
cell death 1 ligand 1 (PD-L1) down-regulation. Meanwhile, Ir2
also induced the excess accumulation of Zn2+ in the mitochon-
dria of macrophages accompanied by a decrease in the cyto-
plasm, leading to the polarization of macrophages from the M0
to M1 phenotype. As is well known, induction of pyroptosis,
polarization of M1 macrophages, and down-regulation of PD-L1
are all effective means of activating immunity; therefore, mito-
chondria targeted Ir2 has shown great potential in cancer chemo-
immunotherapy via regulating intracellular zinc distribution/
homeostasis.

Results and discussion
Synthesis, characterization and Zn2+ binding properties

As shown in Scheme S1, Ir1 and Ir2 were synthesized by separ-
ately reacting two thiophene-containing ligands (L1–L2) with a
chloro-bridged Ir(III) dimer followed by anion exchange with
KPF6. The related metal complex Ir3 containing similar
ligands without a Zn2+ binding moiety was also synthesized
following literature methods for comparison.33 All complexes
were purified by column chromatography and characterized by
ESI-MS, 1H NMR and 13C NMR (Fig. S1–S8, SI). HPLC was used
to determine the purity of complexes, and Ir1/Ir2 showed
purity greater than 98% (Fig. S9, SI). The UV-Vis spectra of Ir1/
Ir2 in PBS, CH3CN, and CH2Cl2, exhibited similar absorptions
attributed to intraligand π–π* transitions (250–350 nm) and
metal-to-ligand charge transfer (350–470 nm), respectively
(Fig. S10, SI). Upon 405 nm excitation, both Ir1 and Ir2 exhibi-
ted intensive emission centered at 605 nm (Fig. S11, SI). All
photophysical data are listed in Table S1. It was found that the
emissive intensity of Ir1 was sensitive to pH values 3.0–8.0; the
more acidic the environment the stronger the emission inten-
sity (Fig. S11, SI). This was due to protonation of the imidazole
ring on Ir1. Such pH-dependent luminescence changes were
not obvious for Ir2. Considering the potential of adjacent
imidazole and thiophene groups to bind zinc ions,25 we also
investigated the Zn2+ binding ability of Ir1/Ir2 using NMR
spectroscopy. 1H NMR spectra showed that upon Zn2+ titration,
the signals of both Ir1 and Ir2 at q, t, s, v, r, and y positions
displayed a substantial shift to a high-field while the shift of
Ir1 was more prominent (Fig. 1). This indicated that Ir1 and
Ir2 bound to Zn2+ mainly through the imidazole N atom and
thiophene S atom, while the methyl substitution on the imid-
azole ring could weaken but not eliminate the Zn2+ binding
ability. This moderate affinity may be more in line with our
purpose of interfering with intracellular Zn2+ homeostasis
through reversible binding and dissociation of metal ions,
rather than tightly chelating metal ions which may transport
extracellular Zn2+ from serum into cells, directly leading to the
instability of many zinc-requiring enzymes.

Scheme 1 Chemical structures of designed Ir complexes in this work
and their proposed mechanism of action. Mitochondria-targeted Ir2 can
modulate the homeostasis and distribution of endogenous zinc contents
in both cancer cells and macrophages, thus effectively activating antitu-
mour immunity.
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Subcellular localization of Ir complexes and re-distribution of
endogenous zinc in mitochondria in MDA-MB-231 cells

Due to the excellent photophysical properties of Ir(III) com-
plexes, their cellular uptake and distribution can be easily
monitored by laser scanning confocal microscopy. It was
observed that Ir1/Ir2 could effectively penetrate into
MDA-MB-231 cells in 1 h. Moreover, Ir1 mainly accumulated in
lysosomes while Ir2 mainly accumulated in mitochondria,
which exhibited strong colocalization with lysosome-specific
and mitochondria-specific stains (LTDR and MTDR) with
Pearson’s correlation coefficients of 0.88 and 0.86, respectively
(Fig. 2A). Meanwhile, the ability of Ir1 and Ir2 to regulate the
distribution of intracellular Zn2+ was investigated in
MDA-MB-231 cells by using ICP-MS. Herein, mitochondrial
protein samples of MDA-MB-231 cells were measured by
western blotting at equal concentrations, with VDAC and vin-
culin serving as markers of mitochondrial purity. As shown in
Fig. S12, vinculin was negligible in complete mitochondria
samples, implying that the purity of the mitochondria is
sufficiently high (VDAC: Voltage-Dependent Anion Channel,
residing in the outer mitochondrial membrane and serving as
a standard mitochondrial marker protein; vinculin: cyto-
skeletal protein, not present in mitochondria and commonly
used as a negative control for assessing mitochondrial purity).
As shown in Fig. 2B, after the same treatment with Ir1 and Ir2
(5 μM, 8 h) in MDA-MB-231 cells, the total levels of intracellu-
lar zinc content were not substantially affected; however, the
zinc content in the cytoplasm was found decreased
accompanied by a significant increase in the mitochondria
compared with control cells, and the effect of Ir2 was more
prominent.

Since Ir1/Ir2 can decrease the zinc content in the cytoplasm
accompanied by a significant increase in the mitochondria,

the effect of Ir1/Ir2 on proteins that maintain Zn2+ homeosta-
sis in MDA-MB-231 cells was also investigated by quantitative
real-time polymerase chain reaction (RT-qPCR) measurements.
Compared with control cells, metallothionein (MT) for Zn2+

buffering and storage was substantially up-regulated at the
RNA level in Ir2-treated cells (fold change of ca. 5.7), which
was much higher than that in Ir1-treated cells (fold change of
ca. 2.4), indicating the more prominent ability of Ir2 to regu-
late the intracellular Zn2+ level (Fig. 2C). The expression of MT
protein was also measured by western blotting assay, showing
that both Ir1 and Ir2 could upregulate the expression levels of
MT protein in a dose-dependent manner, the latter of which
showed a more prominent effect (Fig. 2D). These observations
were consistent with the ICP-MS results in MDA-MB-231 cells,
indicating that both Ir1 and Ir2 could re-distribute endogen-
ous zinc contents, leading to their excess accumulation in
mitochondria.

As a result, both Ir1 and Ir2 could induce mitochondrial
dysfunction but to varying degrees. As shown in JC-1 staining
assay, Ir2 induced substantial loss of mitochondrial
membrane potential (MMP) as indicated by the red-to-green
colour shift of 5,5′,6,6′-tetrachloro-1,1′,3,3′ tetraethyl-
benzimidazolylcarbocyanine iodide (JC-1), while Ir1 only
exhibited a small impact on MMP loss (Fig. 3A). Compared
with vehicle-treated cells, both Ir1 and Ir2 could increase intra-

Fig. 1 Zinc titration: changes in the 600 MHz 1H NMR spectra of Ir1
and Ir2 before and after the addition of Zn2+ in DMSO-d6.

Fig. 2 (A) Cellular localization. The confocal microscopy images of
MAD-MB-231 cells co-labeled with Ir1/Ir2 (10 μM, 1 h, λex = 405 nm and
λem = 605 ± 20 nm) and LTDR (50 nM, 0.5 h, λex = 633 nm and λem = 665
± 25 nm) (a) or MTDR (150 nM, 0.5 h, λex = 633 nm and λem = 665 ±
25 nm) (b). Scale bars: 20 μm. (B) Manipulation of Zn distribution and
homeostasis. The relative ratio of Zn levels in whole cells, cytoplasm and
mitochondria after treatment with Ir1 (5 μM) or Ir2 (5 μM) for 8 h. (C). Zn
regulatory protein related genes in MDA-MB-231 cells after Ir1 (15 μM,
8 h) and Ir2 (5 μM, 8 h) treatment. (D) The expression of MT protein was
measured by western blotting assay.
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cellular ROS production as indicated by DCF fluorescence
intensity, indicating greater production of ROS, and the effect
of Ir2 was more prominent (Fig. 3B). Meanwhile, substantially
diminished fluorescence from Pico-Green and acridine orange
(AO) was observed in Ir1/Ir2-treated cells compared with that
in control cells, indicating that both Ir1 and Ir2 could induce
mitochondrial DNA damage and lysosomal impairment
(Fig. 3C and Fig. S13). Among them, Ir2 displayed a more pro-
nounced effect than Ir1, which was reasonable due to its
better mitochondria targeting ability and mitochondrial zinc
re-distribution.

Antiproliferative activity, pyroptosis induction and PD-L1
down-regulation in MDA-MB-231 cells

Furthermore, the effect of Ir1/Ir2 on programmed cell death
and immune regulation was investigated. First, both Ir1 and
Ir2 exhibited a high anti-proliferative effect against cancerous
cell lines. As shown in 48 h MTT assay, the resulting IC50

values of Ir1/Ir2 were in the range of 2.0–3.2 μM, which were
ca. 10-times smaller than that of cisplatin in cancerous cell.
The related metal complexes Ir3 containing similar ligands
without a Zn2+ binding moiety show weaker antiproliferative
activity compared to Ir1/Ir2 (Table 1). Second, the effect of
various cell death inhibitors on the viability of Ir1/Ir2 treated
cells was investigated, showing that pre-incubation with apop-
tosis inhibitors (Z-VAD-fmk) could improve the viability of Ir1-
treated cells while both Z-VAD-fmk and pyroptosis inhibitors
(Disulfiram) could improve the viability of Ir2-treated cells

(Fig. 4A). Meanwhile, flow cytometry showed a substantial
increase in Annexin V staining in Ir1/Ir2-treated cells, further
indicating the occurrence of early apoptosis (Fig. 4B).
Considering that disulfiram is a broad-spectrum thiol-reactive
agent rather than a selective pyroptosis inhibitor,34 we further
measured the cleavage of caspase-1 and gasdermin D
(GSDMD) as pyroptosis-specific protein markers. Western blot-
ting assay showed that both Ir1 and Ir2 could upregulate the
expression levels of caspase-1, cleaved caspase-1 and
N-terminal fragment of GSDMD (GSDMD-N) in a dose-depen-
dent manner, the latter of which showed a more prominent
effect (Fig. 4C and Fig. S14). Moreover, apoptosis protein
marker cleaved caspase 3 and PARP were also upregulated in
response to Ir1/Ir2 treatment (Fig. 4C). These results indicated
that both Ir1/Ir2 could induce caspase-3 dependent apoptosis
and caspase-1 dependent GSDMD mediated pyroptosis, and
the mitochondria-targeted Ir2 had a greater effect.

Fig. 3 Mitochondrial dysfunction (A), increasing the production of ROS
(B) mitochondrial DNA damage (C) examined by confocal microscopy
images after treatment with Ir1/Ir2 for 8 h. Scale bars: 20 μm.

Table 1 IC50 values of the tested compounds against different cell lines against cancerous (MDA-MB-231, A549, HeLa and 4T1) and normal breast
cell (MCF-10A) lines for 48 ha

Compounds

IC50 (μM)

MDA-MB-231 A549 HeLa 4T1 MCF-10A

Ir1 2.3 ± 0.1 3.2 ± 0.2 2.2 ± 0.6 2.4 ± 0.1 5.1 ± 0.3
Ir2 2.0 ± 0.2 3.1 ± 0.3 2.1 ± 0.2 1.1 ± 0.1 3.7 ± 0.2
Ir3 3.1 ± 0.3 4.7 ± 0.2 4.1 ± 0.2 4.9 ± 0.2 5.6 ± 0.5
Cisplatin 35.8 ± 1.9 21.8 ± 1.4 18.3 ± 0.8 21.8 ± 0.4 30.9 ± 0.6

a IC50 values are drug concentrations necessary for 50% inhibition of cell viability. Data are presented as means ± standard deviations obtained
in at least three independent experiments and the drug treatment period was 48 h.

Fig. 4 Activation of anti-tumour immunity by triggering pyroptosis and
down-regulating PD-L1 levels. (A) The effects of different inhibitors on
cell death induced by Ir1/Ir2 for 48 h. (B) Flow-cytometric quantification
of Annexin V-labeled cells after treatment with Ir1/Ir2 for 8 h. (C and D)
Western blot analysis of cleaved caspase-1, GSDMD-N fragment,
cleaved caspase-3, PARP, AMPK, p-AMPK, PD-L1 and β-actin upon 8 h
treatment with compounds.
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Considering that interference with mitochondria metab-
olism could activate adenosine 5′-monophosphate-activated
protein kinase (AMPK), which is a promising PD-L1
regulator,35–37 we also measured the PD-L1 levels in Ir1/Ir2
treated cancer cells by western blot assay. As shown in Fig. 4D,
the expression level of intracellular PD-L1 was found markedly
down-regulated accompanied by the up-regulation of p-AMPK
in response to Ir2 treatment (3.5–5 μM, 8 h); however, PD-L1
down-regulation was not significant after Ir1 treatment at high
doses (10–15 μM). According to the literature, activation of
AMPK can not only phosphorylate PD-L1 at S195 to induce
abnormal glycosylation and degradation of PD-L1 through an
endoplasmic reticulum associated proteasome degradation
(ERAD) pathway,35 but also facilitate the nuclear translocation
of TFEB and lysosome biogenesis via mTOR inhibition for
lysosomal degradation of PD-L1.38,39 We found that the
expression level of mTOR/p-mTOR, a downstream protein of
the AMPK signalling pathway, also decreased after Ir1/Ir2 treat-
ment in MDA-MB-231 cells, and Ir2 showed a more prominent
effect (Fig. S15, SI). Considering that both Ir1 and Ir2 could
induce lysosomal impairment as indicated by the acridine
orange (AO) staining (Fig. S13), the capability of Ir1/Ir2 to
down-regulate PD-L1 levels is mainly through an AMPK
mediated ERAD pathway rather than the AMPK mediated lyso-
somal degradation pathway. On the other hand, we also evalu-
ated the expression level of STAT3/p-STAT3, the inactivation of
which could also down-regulate PD-L1 levels.40,41 As shown in
Fig. S16, the expression level of intracellular STAT3/p-STAT3
was found to show no substantial changes in response to Ir1/
Ir2 treatment, excluding the STAT3 mediated PD-L1 down-regu-
lation in Ir1/Ir2 treated cells. Besides, the expression level of
GSDMD-N was not upregulated and PD-L1 down-regulation
was not significant after Ir3 treatment at high-doses
(10–15 μM) (Fig. S17). These results showed that mitochon-
dria-targeted Ir2 with intracellular zinc distribution/homeosta-
sis regulation capability has the greatest potential to activate
anti-tumor immune effects.

Subcellular localization of Ir complexes, re-distribution of
endogenous zinc, and polarization of RAW 264.7 macrophages

We further investigated the effect of Ir complexes on macro-
phages. Laser scanning confocal microscopy of RAW
264.7 macrophages showed a similar phenomenon as observed
in MDA-MB-231 cancer cells, where Ir1 mainly accumulates in
lysosomes and Ir2 mainly accumulates in mitochondria
(Fig. 5A). The ability of Ir1 and Ir2 to regulate the distribution
of intracellular Zn2+ was further investigated in RAW
264.7 macrophages by using ICP-MS. In addition, mitochon-
drial protein samples of RAW 264.7 macrophages were
measured by western blotting at equal concentrations, with
VDAC and vinculin serving as markers of mitochondrial purity
(VDAC: Voltage-Dependent Anion Channel, residing in the
outer mitochondrial membrane, serving as a standard mito-
chondrial marker protein; vinculin: cytoskeletal protein, loca-
lized to focal adhesions and cell–cell junctions (not present in
mitochondria), used as a negative control marker to assess

mitochondrial purity). As shown in Fig. S18, vinculin was neg-
ligible in complete mitochondria samples, implying that the
purity of the mitochondria is sufficiently high. On treatment
with Ir1 (1 μM, 48 h) in RAW 264.7 macrophages, the levels of
zinc content in whole cell, cytoplasm and mitochondria were
not substantially affected. However, on treatment with Ir2
(1 μM, 48 h) in RAW 264.7 macrophages, the levels of zinc
content in whole cells and mitochondria were found to
increase accompanied by a decrease in the cytoplasm com-
pared with that of control cells (Fig. 5B). The different distri-
butions of Zn content on macrophage treatment with Ir1 and
Ir2 may cause varying degrees of polarization from M0 to M1
in macrophages.

Considering that zinc supplementation can promote M0-to-
M1 polarization of macrophages and inhibit M2 polarization,9

the effect of Ir complexes on macrophage polarization was also
investigated. As shown in flow cytometry assay, after Ir2
(0.5–1 μM, 48 h) treatment, the pro-inflammatory M1 pheno-
type marked by CD86 remarkably increased (control: 7.3%; Ir2,
0.5 μM: 12.2%; 1 μM: 21.9%) in a concentration-dependent
manner (Fig. 5Ca and S19, 20). Meanwhile, the M2 phenotype
marked by CD206 was not affected in response to Ir2 treatment
under the same conditions (Fig. 5Cb). By comparison, neither
M0-to-M1 nor M0-to-M2 polarization was affected in response
to Ir1 treatment (Fig. 5C). These observations were consistent
with the ICP-MS results of the distribution of Zn2+ in macro-
phages, indicating that Ir2 could effectively re-distribute
endogenous zinc contents, leading to their excess accumu-
lation in mitochondria. These results indicated that Ir2 had
great potential to activate anti-tumour immunity by triggering
cancer cell pyroptosis, down-regulating PD-L1 levels and pro-
moting the polarization of macrophages from the M0 to the
M1 phenotype.

Fig. 5 (A) Cellular localization. The confocal microscopy images of
RAW 264.7 macrophages co-labeled with Ir1/Ir2 (10 μM, 1 h, λex =
405 nm and λem = 605 ± 20 nm) and LTDR (50 nM, 0.5 h, λex = 633 nm
and λem = 665 ± 25 nm) (a) or MTDR (150 nM, 0.5 h, λex = 633 nm and
λem = 665 ± 25 nm) (b). Scale bars: 20 μm. (B) Manipulation of Zn distri-
bution and homeostasis. The relative ratio of Zn levels in whole cells,
cytoplasm and mitochondria after treatment with Ir1 (1 μM) or Ir2 (1 μM)
for 48 h. (C) Flow cytometry analyses of the representative receptors CD
86 of M1 macrophages (a) or CD 206 of M2 macrophages (b).
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Antitumor efficacy and antitumor immunity in vivo

To evaluate the anti-tumor efficacy and capability to activate
immune responses of cyclometalated Ir(III) complexes in vivo,
we established the immunocompetent mouse breast cancer
(4T1) subcutaneous bearing bilateral model upon female
BALB/C mice. 4T1 cells were inoculated to the right flank of
mice as primary tumors and the left flank as distant tumors 7
days later. Cisplatin, Ir1 and Ir2 (3 mg kg−1), respectively, were
intratumorally injected into the primary tumors. The volumes
of both primary and distant tumors as well as the mouse
weights were measured every 2 days, and the mice were sacri-
ficed at the 14th day (Fig. 6A). The body weights of all groups
remained stable during the therapeutic process (Fig. 6B), and
no structural or pathological changes occurred in the major
organs (liver, heart, lungs, kidneys, and spleen) as revealed by
hematoxylin and eosin (H&E) staining at the end of the treat-
ment (Fig. S21 and S22). Meanwhile, the volume of primary
tumors was inhibited by 50.5% in Ir2-treated groups, while cis-

platin and Ir1 inhibited the tumor growth by 32.2% and
36.9%, respectively (Fig. 6C and S23). Additionally, the growth
of distant tumors in Ir2-treated groups was significantly inhib-
ited by 46.1% compared with that in the control group, but no
obvious inhibition effect was found in the cisplatin or Ir1
groups (Fig. 6D and S23).

Then the ability of Ir2 to activate antitumor immunity
in vivo was evaluated by profiling the infiltration of immune
cells in vivo. It was found that the macrophage polarization
and maturation of dendritic cells (DC) in primary tumors were
greatly promoted by Ir2, as indicated by the significantly
increased percentage of tumor-associated M1 macrophages
(from 6.2% to 13.8%) and increased percentage of
CD80+CD86+ DCs (from 4.5% to 15.9%) (Fig. 6E and S24, S25).
Meanwhile, the infiltration of cytotoxic and helper T cells were
found to be substantially enhanced in the Ir2 group compared
with that in the control group, as indicated by the increased
proportion of tumor-infiltrating CD3+CD4+ (from 3.0% to
7.4%) and CD3+CD8+ T lymphocytes (from 2.9% to 7.1%),
respectively (Fig. 6E and S26, S27). Meanwhile, immunohisto-
fluorescence analysis in distant tumors was also performed,
both of which showed enhanced tumor-associated
M1 macrophages and tumor-infiltrating CD3+CD8+ in the Ir2
group compared with control groups (Fig. 6F and S28). We also
evaluated the ability of Ir2 to reduce PD-L1 protein levels
in vivo using immunohistochemistry (Fig. 6G). Compared with
the control group, the expression level of PD-L1 in tumor
tissues was slightly upregulated in the cisplatin group but sig-
nificantly decreased in the Ir2 group, verifying the ability of Ir2
to down-regulate the PD-L1 levels in tumors. Furthermore, the
enzyme-linked immunosorbent assay (ELISA) showed
increased levels of the proinflammatory cytokines Interferon-β
(IFN-β) and TNF-α in serum samples from Ir2 groups, while
minimal changes were observed in other groups (Fig. S29). In
short, all these results verified that Ir2 could not only inhibit
tumor growth but also act as a small molecular inhibitor of
PD-L1, eventually achieving immunochemotherapy in vivo.

Conclusions

In summary, we have developed two cyclometalated Ir(III) com-
plexes (Ir1 and Ir2) with moderate Zn2+ affinity, capable of re-
distributing the endogenous zinc from cytoplasm and vesicles
to mitochondria, which leads to excess Zn2+ accumulation in
the mitochondria of cancer cells. This change in the distri-
bution of Zn2+ ions in macrophages was only found in Ir2.
Although Ir1 and Ir2 show similar anti-proliferative activity on
cancer cells, the mitochondria-targeted Ir2 has a more promi-
nent effect on regulating zinc homeostasis, thus effectively
triggering GSDMD-mediated pyroptosis, down-regulating
PD-L1 expression, promoting macrophage M0-to-M1 polariz-
ation, and activating anti-tumor immunity in vivo, eventually
showing great potential in cancer chemo-immunotherapy.
This work indicates that modulating the homeostasis and dis-
tribution of endogenous zinc will help activate antitumour

Fig. 6 In vivo antitumor efficacy and antitumor immune response. (A)
Schematic illustration of the in vivo therapeutic schedule of the bilateral
tumor model. (B) The weight of the mice during the treatment. (C and
D) The curves of the volume of primary and distant tumors. (E) Data stat-
istics of the CD80+CD86+ dendritic cells, CD4+ T cells, CD8+ T cells and
M1 macrophage cells in tumor cells after different treatments (n = 3). (F)
Immunofluorescence of ARG1 (M2 macrophages) and iNOS
(M1 macrophages) in distant tumors from mice with different treatments
of the bilateral tumor model. (G) IHC analysis of PD-L1 in tumor tissues.
*p < 0.05 and **p < 0.01.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 13642–13650 | 13647

Pu
bl

is
he

d 
on

 1
4 

d’
ag

os
t 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

8/
10

/2
02

5 
23

:4
7:

35
. 

View Article Online

https://doi.org/10.1039/d5dt01045d


immunity, providing new clues for the development of novel
metal-based anticancer complexes.
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